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Malignant melanoma is one the most aggressive types of cancer and its incidence has gradually increased
in the last years, accounting for about 75% of skin cancer deaths. This poor prognosis results from the
tumor resistance to conventional drugs mainly by deregulation of apoptotic pathways. The aim of this
work was to investigate the cell death mechanism induced by a-pinene and its therapeutic application.
Our results demonstrated that a-pinene was able to induce apoptosis evidenced by early disruption of
the mitochondrial potential, production of reactive oxygen species, increase in caspase-3 activity, hetero-
chromatin aggregation, DNA fragmentation and exposure of phosphatidyl serine on the cell surface. Most
importantly, this molecule was very effective in the treatment of experimental metastatic melanoma
reducing the number of lung tumor nodules. This is the ﬁrst report on the apoptotic and antimetastatic
activity of isolated a-pinene.
 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Malignant melanoma is one of the leading causes of cancer-re-
lated deaths worldwide and its incidence has gradually increased
during the last 20 years, accounting for about 75% of skin cancer
deaths in United States [1]. Despite the increased progress ob-
tained, combinations of chemotherapy and immunotherapy have
not been translated into increased survival. Therefore, develop-
ment of novel treatment strategies for malignant melanoma is
highly encouraged [2]. Natural products from plants, their semi-
synthetic and synthetic derivatives are important sources of anti-
tumor drugs. According to Cragg and Newman [3], over 50% of
the drugs in clinical trials for anti-cancer activity were isolated
from natural sources or are related to them. The search for new
drugs exhibiting activity on several types of cancer is one of the
most interesting subjects in the ﬁeld of natural products research
[4]. The Brazilian biodiversity has become an interesting source
for the selection of new chemical compounds that may lead to can-
cer treatment. Several plant cytotoxic compounds have been found
in the Brazilian plants, such as alkaloids [5], terpenoids [6], ﬂavo-
noids [7], naphthoquinones [8], as well as polyacetylenes [9],
which cause cell death by apoptosis.icrobiology, Immunology and
Paulo, SP, Brazil. Fax: +55
sevier OA license.Apoptosis plays an important physiological role in organ devel-
opment and tissue homeostasis. It is characterized by alterations in
the chromatin structure, DNA fragmentation, exposure of phospha-
tidyl serine on cell surface, activation of caspases and hyperpro-
duction of reactive oxygen species. In most cases, the cell death
is triggered by damage to the outer or inner mitochondrial mem-
brane causing disruption of its potential and release of apoptotic
factors. Imperfections in the apoptotic pathway are associated with
cancer development and its resistance to chemotherapy. New com-
pounds that overcome cancer cell resistance to apoptosis are
advantageous since these tumor cells will be rapidly removed from
the tissue by macrophages, preventing local inﬂammation or an
autoimmune response [10,11]. In a previous work we demon-
strated the cytotoxic activity on ﬁve cancer cell lineages
(B16F10-Nex2, A2058, HeLa, MCF-7 and HL-60) of the essential
oil and its major component a-pinene derived from Schinus tere-
binthifolius Raddi (Anacardiaceae). Presently, we evaluated the cell
death mechanism induced by a-pinene and its therapeutic applica-
tion on a metastatic melanoma model.2. Material and methods
2.1. Plant material
Ripe fruits of S. terebinthifolius were collected in Ouro Fino at
Minas Gerais State, Brazil (349966-W/7536935-N) in March 30th,
450 A.L. Matsuo et al. / Biochemical and Biophysical Research Communications 411 (2011) 449–4542008. The botanical identiﬁcation of the plant was made by Dr.
Oriana A. Fávero (Universidade Presbiteriana Mackenzie, São Pau-
lo/SP) and the voucher sample was compared with the register
SP272591, deposited at the Herbarium of Instituto de Botânica de
São Paulo – SP, Brazil.2.2. Isolation of a-pinene
The crude essential oil from ripe fruits of S. terebinthifolius
(400 g) was extracted by steam distillation in a Clevenger type
apparatus. After continuous distillation during 4 h, 1.76 g of crude
essential oil (yield 0.44%) was obtained after drying with anhy-
drous Na2SO4. Part of this oil (800 mg) was subjected to ﬂash chro-
matography on Si-gel column eluted with pentane, CH2Cl2, and a
gradient of CH2Cl2–MeOH 95:5 and 9:1 to give 12 fractions which
were individually analyzed using gas chromatography (GC) [12].
GC chromatograms of fractions 1–3 showed to be composed by
complex mixtures of hydrocarbon derivatives. Thus, this fraction
(350 mg) was puriﬁed by preparative TLC on Si-gel coated with
AgNO3 (10%) eluted with pentane:CH2Cl2 1:1 to give 14 mg of pure
a-pinene (99% by GC), whose structure was identiﬁed by NMR and
MS spectral analysis and comparison with literature data [13].2.3. Mice and cultured cell lines
Eight-week-old male C57BL/6 mice were obtained from the
Center for Development of Experimental Models (CEDEME), Fed-
eral University of São Paulo (UNIFESP). Animal experiments were
carried out according with the UNIFESP Ethics Committee for Ani-
mal Experimentation.
The B16F10 murine melanoma cell line is syngeneic in C57Bl/6
mice and was originally obtained from the Ludwig Institute for
Cancer Research, São Paulo branch. The subline Nex2 (B16F10-
Nex2) was isolated at the Experimental Oncology Unit (UNONEX)
and was maintained in complete medium consisting of RPMI
1640, pH 7.2, supplemented with 10 mM N-2-hydroxyethylpiper-
azine-N0-2-ethanesulphonic acid (HEPES), 24 mM sodium bicar-
bonate, 10% heat-inactivated fetal calf serum (FCS) from Gibco
(Minneapolis, MN, USA) and 40 lg/mL gentamicin sulfate (Hipola-
bor Farmacêutica, Sabará, MG, Brazil) at 37 C in a humidiﬁed
atmosphere with 5% CO2.2.4. Assessment of mitochondrial DWm
B16F10-Nex2 cells were grown for 24 h in a 12-well plate
(1  105 cells/well) and incubated with 100 lg/mL of a-pinene at
37 C for 10 or 30 min. Cells were gently washed with PBS and
loaded with 20 nM of tetramethylrhodamine ethyl ester (TMRE,
Molecular Probes, OR, USA) for 10 min at 37 C. Cells were de-
tached with PBS–Trypsin–EDTA and the ﬂuorescence was mea-
sured on FACSCalibur (Becton–Dickinson, Franklin Lakes, NJ),
using CellQuest software.2.5. Caspase-3 activity
The enzymatic activity of the caspases induced by a-pinene was
assayed using the ApoTarget™ Caspase Colorimetric Protease As-
say Kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. Brieﬂy, the cells were harvested and lysed in the lysis buf-
fer for 10 min on ice bath. The lysate was centrifuged at 10,000g for
1 min, and 200 lg of the protein was incubated with 50 lL of reac-
tion buffer and 5 lL of the substrate, at 37 C for 2 h. The optical
density of the reaction mixture was quantiﬁed spectrophotometri-
cally at 405 nm wave length.2.6. DNA degradation assay
Tumor cells (1  106) were plated on 24-well plates and incu-
bated for 3 h. Cells were then treated with 100 lg/mL of a-pinene
and incubated at 37 C for 6 h. Centrifuged cells were lysed in TELT
buffer (50 mM Tris–HCl pH 8.0, Triton X-100 0.4%, 2.5 mM EDTA
pH 9.0 and 2.5 M LiCl) and the lysate was centrifuged for 15 min
at 12,000g, 4 C. Buffer-equilibrated phenol was added to the
supernatant (1:1, v/v), followed by centrifugation and addition of
chloroform (1:1, v/v) to the aqueous phase. After centrifugation
(15 min, 12,000g, 4 C), DNA in the aqueous phase was precipitated
with sodium acetate 3 M, pH 7.0, and absolute ethanol (1:0.1:2.5,
v/v/v) after incubation at 80 C for 20 min. Precipitated DNA
was pelleted and diluted in RNAse-containing water (25 lg/mL).
The resulting DNA was electrophoresed in Agarose gel 1% (100 V)
and photographed with a digital camera (Kodak, EDAS DC290).
2.7. Annexin V and propidium iodide labeling
B16F10-Nex2 cells were grown for 24 h in a six-well plate
(5  105 cells/well) and further incubated with a-pinene (100 lg/
mL) or medium (control) for 1 or 2 h at 37 C. The cells were har-
vested with cold PBS after three washes in the same buffer. Apop-
totic/necrotic cells were detected using the ApoScreen Annexin V-
FITC kit according to the manufacturer’s instructions (Southern
Biotechnology, Birmingham, AL) and analyzed on a FACSCalibur
equipment (Becton–Dickinson, Franklin Lakes, NJ), using CellQuest
software.
2.8. Chromatin condensation analysis
Cells (1  104) were cultivated in round coverslips, treated with
100 lg/mL of a-pinene for 20 min, washed with PBS, and ﬁxed for
30 min at room temperature with formaldehyde 2%. Cells were
washed with PBS and stained with 2 lM of Hoechst 33342 (Invit-
rogen) for 10 min. Cells were observed by ﬂuorescence microscopy.
Apoptotic cells were detected by chromatin condensation [14].
2.9. Enhanced superoxide anion production
The enhanced superoxide anion production was observed by
dihydroethidium (DHE) assay (Invitrogen) as previously described
with modiﬁcations [15]. B16F10-Nex2 (1  104) cells were culti-
vated in coverslips and treated with 150 lg/mL a-pinene for 1 h.
The cells were incubated with 5 lM DHE at 37 C for 30 min. The
conversion of DHE to ethidium by oxidation was observed. As po-
sitive control, the cells were treated with 5 mM H2O2 for 20 min.
Alternatively, a time-lapse conversion of DHE to ethidium was ob-
served incubating 2  105 cells in suspension with 5 lM DHE at
37 C treated or not with 100 lg/mL a-pinene in a 96-well plate.
Readings were performed at 488 nm (excitation) and 610 nm
(emission) in a Spectramax M2e (Molecular Devices, Silicon Valley,
CA). The graphic represents the value obtained by the subtraction
of treated cells less the untreated cells.
2.10. Melanoma metastatic assay
In vivo metastatic assays were performed as described by Gui-
maraes-Ferreira et al. [16]. Male, 7- to 8-week-old C57Bl/6 mice
were injected i.v. with 5  105 syngeneic B16F10-Nex2 viable cells
in 0.1 mL RPMI in each mouse. For antitumor protection experi-
ments, two groups of mice were challenged with tumor cells and
treated in the next day with intraperitoneal (i.p.) doses of 100 lL
of a-pinene at 10 mg/mL in alternate days or PBS. After 12 days,
mice lungs were collected and inspected for metastatic coloniza-
tion and the melanotic nodules counted at magniﬁcation 4.
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3.1. Identiﬁcation of a-pinene
The crude essential oil derived from ripe fruits of S. terebinthifo-
lius was analyzed by FID/GC and GC/MS followed by fractionation
on SiO2 and SiO2/AgNO3 chromatographic columns to afford pure
a-pinene. Additionally, the 1H NMR spectrum (in CDCl3) was re-
corded and showed singlets of methyl groups at d 1.26 (H-8),
0.83 (H-9), and 1.66 (H-10), multiplets of allyl hydrogens at d
2.23/2.16 (H-4), and olephinic hydrogens at d 5.19 (H-3). These
data, associated to 13C NMR data which showed sp2 carbons at d
144.6 (C-2) and 116.0 (C-3), methylene groups at d 31.3 (C-4)
and 31.5 (C-7), as well as methyl groups at d 26.3 (C-8), 20.8 (C-
9), and 23.0 (C-10), conﬁrmed the structure of a-pinene [13,17].3.2. Morphological changes and dissipation of mitochondrial potential
by a-pinene
The treatment of B16F10-Nex2 cells with a-pinene induced
many morphological alterations as evidenced in Fig. 1A. In
30 min of treatment, cells started to lose its adherence followed
by a refringent rounded morphology after 1 h of incubation. On
longer (9 h) treatment, cells were opaque with a necrotic
appearance.
Some essential oils are able to alter the mitochondrial mem-
brane leading to loss of mitochondrial potential. To evaluate
whether a-pinene can promote an early dissipation of mitochon-Fig. 1. (A) Cell morphological changes during the treatment with a-pinene. B16F10-N
different times. After 30 min cells started to lose adherence and became round after 1 h
Early dissipation of mitochondrial potential (DWm) by a-pinene. B16F10-Nex2 cells were
of a-pinene at 37 C for 10 or 30 min. Cells were washed with PBS and loaded with TMR
treated cells lost 61.78% and 93.08% of the ﬂuorescence, respectively.drial potential (DWm), melanoma cells were treated with a-pinene
in different times and stained with TMRE (Molecular Probes, OR,
USA) for FACS analysis. After 10 min we observed an intense loss
of 61.78% in the TMRE ﬂuorescence which was almost abolished
after 30 min of treatment (decrease of 93.08%) with a-pinene
(Fig. 1B).3.3. a-Pinene induces apoptosis in melanoma cells
Since the dissipation of DWm is able to induce apoptosis in cells,
we investigated the biochemical and DNA changes caused by a-
pinene. An apoptotic hallmark induced by a-pinene was the pro-
duction of anion superoxide by melanoma cells as inferred from
the increased ﬂuorescence of ethidium, the oxidation product of
dihydroethidium (DHE) and anion superoxide, observed by micros-
copy and quantiﬁed in a spectroﬂuorometer (Fig. 2A). Typical
apoptotic DNA alterations such as chromatin condensation could
be observed in 54% of treated cells by ﬂuorescence microscopy
using Hoechst 33258, a DNA staining dye (Fig. 2B) and observation
of genomic DNA fragmentation (Fig. 2C, lane 1). Another two
important biochemical events during apoptosis were analyzed in
treated cells: the activation of caspase-3, a key mediator of apopto-
sis (Fig. 2D) and the exposure of phosphatidyl serine on cell surface
(Fig. 2E) measured by the increase in Annexin V positive cells. In
1 h of treatment, 60% of cells were at early apoptosis stage (An-
nexin+PI) and the remaining 40% were at late apoptosis (Annex-
in+PI+). No primary necrosis (AnnexinPI+) in treated cells was
detected.ex2 melanoma cells were incubated with a-pinene and images were captured at
of incubation. In 9 h of treatment, cells were opaque with necrotic appearance. (B)
grown for 24 h in a 12-well plate (1  105 cells/well) and incubated with 100 lg/mL
E for 10 min. Cell ﬂuorescence was measured on FACSCalibur. After 10 and 30 min,
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Fig. 2. Apoptosis hallmark features induced by a-pinene. (A) Enhanced superoxide anion production observed by dihydroethidium (DHE). B16F10-Nex 2 cells were treated
with 150 lg/mL of a-pinene for 1 h and incubated with DHE. The conversion of DHE to ethidium by oxidation was observed by ﬂuorescence microscopy and quantiﬁed in a
spectroﬂuorometer. Magniﬁcation 600. The experiments were performed in triplicates in two independent experiments. (B) Chromatin condensation. Murine melanoma
B16F10Nex2.1 (1  104) cells were treated with 100 lg/mL of a-pinene for 20 min, stained with Hoechst dye and examined by ﬂuorescence microscopy. About 54% of treated
cells presented chromatin condensation indicated by the arrows. Magniﬁcation 600. The experiment was performed in triplicate. (C) Agarose gel electrophoresis of DNA
fragmentation induced by a-pinene. DNA was extracted from tumor cells (1  106) treated with 100 lg/mL of a-pinene for 6 h and analyzed in Agarose gel. Lane 1: a-pinene;
Lane 2: non-treated cells; Lane 3: DNA 1 kb standard. (D) Activation of caspase-3 by a-pinene in melanoma cells. B16F10-Nex2 cells were treated with 100 lg/mL of a-pinene
for 1 h and the enzymatic activity of the caspase-3 was determined by a colorimetric assay. Signiﬁcant differences were determined using the Student’s t-test (⁄p < 0.01). Error
bars (standard deviation). This assay was performed in triplicate from two independent experiments. (E) Annexin V and PI labeling. B16F10-Nex2 cells were treated with
100 lg/mL of a-pinene for 1 or 2 h and stained with Annexin V-FITC and PI. Analysis was performed using ﬂow cytometry. The values are percentages obtained from two
independent experiments.
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In the metastatic experiment, 5  105 viable cells of B16F10-
Nex2 were injected endovenously in each mouse which was trea-
ted in the next day with intraperitoneal (i.p.) doses of 100 lL of
a-pinene at 10 mg/mL in alternate days or PBS. This metastatic
model was chosen given the aggressive behavior and high meta-
static potential of the B16F10 cell line, syngeneic in C57BL6 mice
[18]. After 12 days, mice lungs were collected and analyzed for
metastatic nodules. Treated mice had a signiﬁcantly reduced lung
colonization (⁄p < 0.01) showing a potent antimetastatic effect by
a-pinene (Fig. 3). In addition, no toxic effect (weight loss or alter-
ation in animal behavior) was observed during the in vivo treat-
ment periods.4. Discussion
Malignant melanoma morbidity and high mortality rate paral-
lels its resistance to conventional chemotherapy. The deregulationof apoptosis, multiple drug resistance and increased DNA repair are
factors relevant in melanoma development [19]. Cells that undergo
apoptosis are usually phagocytosed by macrophages preventing lo-
cal inﬂammation [20]. Essential oils are usually devoid of long-
term genotoxic risks andmany of them show antimutagenic capac-
ity that can be linked to anticarcinogenic activity. Furthermore,
studies have demonstrated that essential oil constituents are very
efﬁcient in reducing the tumor volume or tumor cell proliferation
by exerting apoptotic effects [21].
Some stimuli to cells can promote changes in the mitochon-
drion, such as the dissipation of the membrane potential (DWm),
decrease of ATP and reduction of translation and transcription,
which results in apoptosis and necrosis [22]. In eukaryotic cells,
some essential oils can promote depolarization of the mitochon-
drial membranes by changing their ﬂuidity. Membranes become
abnormally permeable resulting in leakage of pro-apoptotic factors
such as radicals, cytochrome c, calcium ions and proteins, as in the
case of oxidative stress and bioenergetic failure [21]. Since a-
pinene induces a rapid loss in the membrane potential but does
Fig. 3. In vivo melanoma treatment with a-pinene. Number of metastatic
melanoma nodules present in the lungs of animals treated with 100 lL of a-pinene
at 10 mg/mL or the vehicle PBS (control). The compound signiﬁcantly reduced
(⁄p < 0.01) the number of metastatic nodules as comparing with the untreated
control.
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shown) we speculate that this essential oil was able to permeabi-
lize only the outer mitochondrial membrane. Further, cell death
was not prevented by cyclosporin A, a potent inhibitor of the inner
mitochondrial permeability transition pore (data not shown).
Activation of caspase 3 along with caspase 6 and 7, will ﬁnally
lead to the apoptotic phenotype [23,24]. This phenotype can be
characterized by later phenomena such as heterochromatin aggre-
gation and nuclear DNA fragmentation. Previous works demon-
strated that essential oils and other plant derived compounds can
induce genomic DNA fragmentation in apoptotic cells [25,26]. It re-
sults from the activation of multiple nucleases, but caspase-3 acti-
vation is indispensable for heterochromatin aggregation and DNA
laddering fragmentation in apoptotic cells [27]. The release of
pro-apoptotic factors from the mitochondrial intermembrane
space is also associated with generation of reactive oxygen species
[28]. In addition to all apoptotic features mentioned above, the
plasma membrane phosphatidylserine translocation is typically
an early marker of apoptosis [11,29], and is crucial for distinction
between apoptosis and necrosis. Several works have shown phos-
phatidylserine externalization during plant extract, essential oil or
speciﬁc plant puriﬁed compounds treatment indicating their apop-
totic potential over tumor cells [30–32].
The Brazilian ﬂora represents a rich source of natural products
that could be used as a tool for drug design studies in the develop-
ment of new therapeutics against several diseases, including can-
cer. Presently, our results have shown that a-pinene could be a
valuable component for the therapy of melanoma, given its great
potential to induce apoptosis on cancer cells. Most importantly,
mice systemically treated with a-pinene showed a marked reduc-
tion in the lung tumor nodules indicating an important activity
against metastatic melanoma.Acknowledgments
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